Genomic sequencing of several dermatophyte species has revealed that they show small differences in genetic content and genome organization, although each fungus has adapted to specific niches. Thus, it seemed relevant to compare gene expression between species. Here, we examined the transcription modulation of three ATP-binding cassette (ABC) transporter genes (pdr1, mdr2 and mdr4), which code for membrane transporter proteins in four species of Trichophyton; T. interdigitale, T. rubrum, T. tonsurans and T. equinum. These fungal species were challenged with sub-lethal doses of griseofulvin, itraconazole, terbinafine and amphotericin B. A mutant strain of T. interdigitale, Dmdr2, was also analysed for the modulation of pdr1 and mdr4 genes to evaluate the possible functional interaction among these three genes. Disruption of the mdr2 gene resulted in the accumulation of high levels of mdr4 transcripts when challenged with griseofulvin, suggesting that the mdr4 gene is compensating for the inactivation of mdr2 by providing resistance to this antifungal. Although the three ABC transporter genes have high homology between the four dermatophytes analysed, it is likely that they have specific functions, suggesting that the action of each drug is dependent on other factors inherent to each species. Our data suggest that these ABC transporter genes act synergistically in dermatophytes, and they may compensate for one another when challenged with antifungal drugs. This may be an important cause of therapeutic failure when treating fungal infections.
INTRODUCTION
The majority of superficial fungal infections are caused by dermatophytes, a specialized group of filamentous fungi that colonizes human skin and nails; i.e. the keratinized tissue of the living host (Grumbt et al., 2011) . Despite their importance to public health, only a small number of antifungal drugs are available to treat dermatophytoses. Regardless of the availability and effectiveness of these drugs, a crucial problem concerning the treatment of fungal infections is the occurrence of resistance, where pathogens overcome host defence mechanisms (Martinez-Rossi et al., 2008; Peres et al., 2010 Peres et al., , 2015 Teles & Seixas, 2015) .
ATP-binding cassette (ABC) transporters are involved in a variety of processes such as nutrient uptake, pathogenesis, and efflux pumping of structurally unrelated drugs with different modes of action (Jones et al., 2014; Maranhão et al., 2009) . They act effectively in drug efflux, decreasing the accumulation of cytotoxic agents in the intracellular milieu, thus playing a significant role in multidrug resistance (MDR) mechanisms (Higgins, 1992; Wirsching et al., 2000) . Therapeutic failures, due to the development of fungal resistance, are often associated with efflux pumps (Martinez-Rossi et al., 2008; Prasad et al., 2006) . In dermatophytes, dozens of genes contain the ABC transporter domain (Gadzalski et al., 2016) . The pdr1 (pleiotropic drug resistance, PDR) gene of Trichophyton interdigitale, previously named mdr1, encodes an ABC transporter that is over-expressed in the presence of several antifungal drugs (Cervelatti et al., 2006) . Moreover, the mdr2 gene, which encodes a different ABC transporter, showed increased mRNA transcription levels when fungal cells were exposed to cytotoxic drugs such as fluconazole, tioconazole, griseofulvin and itraconazole, among others (Fachin et al., 2006) . Genetic analysis of the T. interdigitale mdr2 knockout (Dmdr2) strain showed that MDR2 modulates the susceptibility to terbinafine (Fachin et al., 2006) . Furthermore, high transcription levels of the mdr2 gene in T. interdigitale during mimetic infection (Maranhão et al., 2007) , and reduced virulence in Dmdr2 mutants in an ex vivo infection model, suggest that this transporter is also involved in fungal pathogenicity (Maranhão et al., 2009) . In Candida albicans, loss-of-function or inhibition of one ABC transporter activates different transporters, resulting in compensatory effects that modulate the efflux of antifungal drugs (Sanglard et al., 1997) .
The dermatophytes have similar genetic makeup, a high degree of collinearity and a small number of unique genes. Despite this, each fungus has adapted to an extremely specific niche, host range and preference for different proteinaceous substrates, suggesting that specificity may be at the level of gene expression . Here, we used quantitative real-time PCR (qRT-PCR) to examine the transcriptional modulation of three MDR genes (pdr1, mdr2 and mdr4). These genes code for membrane transporter proteins in four species of Trichophyton; T. interdigitale, T. rubrum, T. tonsurans and T. equinum. They were challenged with sublethal concentrations of griseofulvin, itraconazole, terbinafine and amphotericin B, to evaluate the possible functional interaction among these three genes. A mutant strain of T. interdigitale, Dmdr2, was also evaluated for the modulation of the genes encoding PDR1 and MDR4 proteins.
METHODS
Fungal strains and culture conditions. The strains T. rubrum CBS 118892, T. equinum CBS 127.97 and T. tonsurans CBS 112818 were obtained from the culture collection at the CBS Fungal Biodiversity Centre (Utrecht, The Netherlands). T. interdigitale strain H6 (ATCC MYA-3108) was isolated from clinical specimens at the University Hospital of Ribeirão Preto Medical School, São Paulo University, Brazil, and its Dmdr2 strain derivative was obtained by an inactivation method, as previously described (Fachin et al., 2006) . The H6 strain, previously identified as T. rubrum, was recently reclassified by the Broad Institute as T. interdigitale H6 (http://www.broadinstitute.org/annotation/genome/ dermatophyte_comparative/MultiHome.html). The strains were grown on malt extract agar (MEA; 2 % glucose, 2 % malt extract, 0.1 % peptone, 2 % agar, pH 5.7) at 28 C while the Dmdr2 strain was grown on MEA supplemented with 400 mg hygromycin B l
À1
. Drug exposure conditions. For drug response assays, about 1Â10 6 conidia were germinated in 50 ml Sabouraud dextrose broth (SDB; 2 % glucose, 1 % peptone, pH 5.7) at 28 C for 96 h under agitation (120 r.p. m.). For each fungus, the mycelia were transferred aseptically to RPMI 1640 (Gibco), incubated for 3 h to allow mycelia to adapt to the medium, and then one sample was harvested by filtration and used as a control experiment. Each fungal species was incubated in sub-inhibitory concentrations of amphotericin B (0.07 mg l ) and terbinafine (0.14 mg l À1 ), with shaking, for 15 min and 60 min at 28 C. These sub-inhibitory quantities correspond to 70 % of the MIC. The MIC of each drug showed an equal value for all species assayed (Coelho et al., 2008) . Mycelia were harvested by filtration and used for RNA extraction.
RNA preparation and cDNA synthesis. Cells were disrupted with a mortar and pestle in liquid nitrogen. Total RNA was isolated using Gene expression analyses by qRT-PCR. Three genes encoding multidrug efflux transporters that were present in the genome of the four Trichophyton species used in this study were selected arbitrarily for gene expression analysis by qRT-PCR. Specific primer pairs were designed for conserved regions of these genes by using Primer 3 software. BLAST searches confirmed primer specificity. The gene IDs, their primer sequences and qRT-PCR efficiencies are listed in Table 1 . All of the measurements and reactions were performed in triplicate. Real-time PCR signals were normalized to the expression of gapdh (T. rubrum entry TERG_04402) and a-actin (TERG_06637) (Jacob et al., 2012) . qRT-PCR was performed using SYBR green PCR master mix with the StepOnePlus Real-Time PCR System (Applied Biosystems). Thermocycler conditions were 95 C for 10 min, followed by 40 cycles at 95 C for 15 s and 60 C for 1 min. The 2 _DDCq relative expression quantification method was used to calculate the fold change in expression for each gene (Livak & Schmittgen, 2001 ). The analysis was performed using StepOne Software v2.2 (Applied Biosystems). The T. interdigitale strain, grown in RPMI 1640 medium in the absence of drugs, was used as a reference sample to calculate relative gene expression. Gene expression levels are represented by fold changes at each time point as compared with the control sample. Statistical analysis was performed using one-way ANOVA followed by Bonferroni's ad hoc test using GraphPad Prism v. 5.1 software.
Serial drop dilution assay. A serial drop dilution assay was carried out to analyse the effect of the mdr2 gene on T. interdigitale susceptibility to amphotericin B, griseofulvin, itraconazole and terbinafine. Five microlitres of a conidia suspension of WT T. interdigitale or its Dmdr2 derivative strain was dropped at different concentrations (10 7 to 10 3 cells ml
) onto solid medium (MEA) plates containing different drugs at sub-inhibitory concentrations. After 48 h and 72 h of incubation at 28 C, images were taken.
RESULTS AND DISCUSSION
A major challenge during treatment of dermatophytoses is the small number of commercially available antifungal drugs, minimizing the number of targets that can be exploited to treat selectively these infections (Shapiro et al., 2011) . Therefore, the elucidation of mechanisms used by dermatophytes to invade and colonize their hosts, as well as the signalling mechanisms and metabolic routes activated in response to antifungal drugs, is essential to develop new therapeutic strategies effectively (Fachin et al., 2001) .
In spite of being cultured under the same experimental conditions, dermatophytes respond to antifungal drugs differently
To compare the response of dermatophytes to the antifungal drugs griseofulvin, itraconazole, terbinafine and amphotericin B, we exposed four Trichophyton species to sub-lethal concentrations of these drugs, in vitro, and then we evaluated the transcription profiles of the ABC transporter genes, pdr1, mdr2 and mdr4. Although amphotericin B did not appear to be effective in treating dermatophytoses, this drug was active in vitro against T. rubrum (Coelho et al., 2008; Fernandez-Torres, et al., 2001) . Transcription profiling did not show a correlation between the response to drugs and the phylogenetic relationship among these fungi. As previously hypothesized, differences in adaptation to a particular niche, mating and disease progression among dermatophyte species could be explained by different gene transcription profiles . The pdr1 and mdr2 transcripts accumulate in T. interdigitale in the presence of griseofulvin, at least, 10-fold and 80-fold greater, respectively, as compared with untreated controls (Fig. 1a, b) . In both cases, they gradually accumulate over time, suggesting that both pdr1 and mdr2 genes are functional and may be involved in the efflux of griseofulvin in T. interdigitale. Interestingly, mdr4 transcripts accumulate in this species in response to both amphotericin B and terbinafine, whereas low levels of mdr4 transcripts were observed in response to griseofulvin (Fig. 1c) .
Unlike T. interdigitale, T. rubrum and T. equinum accumulated pdr1 transcripts when challenged with amphotericin B. Also, these transcript levels were in T. equinum about 30-fold greater in the presence of itraconazole, when compared to T. interdigitale. T. equinum is, under our experimental conditions, the only species that accumulates high levels of pdr1 transcripts in the presence of itraconazole. However, minimal levels of pdr1 transcripts accumulated when T. tonsurans was challenged with any of the four antifungal drugs (Fig. 1a) . A previous report showed that when T. interdigitale was exposed to sub-inhibitory concentrations of ketoconazole, fluconazole or griseofulvin for 30 min, pdr1 gene expression increased (Cervelatti et al., 2006) .
Conversely, mdr2 transcripts accumulated in T. rubrum and T. equinum after exposure to most of the antifungal agents tested, suggesting that this gene has a significant role in susceptibility to various antifungal drugs. It is important to note that T. rubrum and T. equinum accumulated mdr2 transcripts even in the absence of drug treatment, which indicated possible other functions for this gene related to fungal nutrition. Also, T. rubrum and T. equinum accumulated high levels of this transcript, especially in the presence of itraconazole. We previously showed that transcription of mdr2 was upregulated after a short exposure (15 min) of T. interdigitale to other antifungal drugs such as fluconazole and acriflavine (Fachin et al., 2006; Paião et al., 2007) .
Accumulation of the mdr4 transcripts did not follow a pattern among the four species. The presence of any of the four drugs induced high levels of mdr4 transcription in T. equinum, while these transcripts were produced in T. tonsurans only in the presence of itraconazole (Fig. 1c) . The differences between T. tonsurans and T. equinum were not expected since they are the most closely related species, containing the highest percentage of collinear genes . We previously observed increased accumulation of mdr4 transcripts in T. rubrum, concerning its exposure time to acriflavine. Presuming that high efflux of toxicants occurs during prolonged periods of exposure, mdr4 is transcribed over time (Persinoti et al., 2014) .
In any case, each antifungal assayed increased the expression of two or three ABC genes in some of the species, suggesting a synergic effect among these genes, probably to participate in drug efflux in these pathogens.
The mdr4 gene compensates for the inactivation of the mdr2 gene Disruption of the mdr2 gene slightly affected the expression of the pdr1 gene in T. interdigitale challenged with griseofulvin. However, the mutant strain accumulated high levels of mdr4 transcripts in the presence of griseofulvin, as compared with that observed in the WT strain (Fig. 2) , probably to compensate for the inactivation of mdr2, thus providing resistance to this antifungal drug. This result may explain why there was no difference between the Dmdr2 mutant and WT strains concerning the level of susceptibility to griseofulvin (Fig. 3) (Fachin et al., 2006) . In contrast, the expression of the mdr4 gene in the Dmdr2 mutant was minuscule when the fungus was challenged with amphotericin B or terbinafine. These data suggest that transcription of the mdr4 gene somehow depends on the MDR2 transporter when T. interdigitale is challenged with these antifungals (Fig. 2) . This indicates that a cooperative effect may exist that contributes to MDR via network interactions (Yibmantasiri et al., 2014) . Indeed, compared with the WT strain, Dmdr2 displayed increased sensitivity to terbinafine and amphotericin B (Fig. 3) .
CONCLUSIONS
We provide evidence that the expression of three MDR/ PDR transporters does not correlate with the phylogeny of these dermatophytes, in spite of the different species being highly related in gene content and genome organization. Indeed, MDR/PDR gene transcription in each species responds to each antifungal in a different manner, i.e. the effect of antifungal drugs should be considered in view of the expression of each gene. Furthermore, transcription of the mdr4 gene was almost abolished in the Dmdr2 mutant when T. interdigitale was challenged with amphotericin B or terbinafine, indicating that the transcription of mdr4 is dependent on the function of the mdr2 gene, under some stress conditions. Interestingly, the expression of the mdr4 gene can compensate, apparently, for the inactivation of the mdr2 gene when the fungus is challenged with griseofulvin. Thus, the results presented here unravel novel aspects of the antifungal-sensing network, emphasizing the complexity of metabolic modulation exerted by antifungals in dermatophytes (Mendes et al., 2016) . Therefore, the success of antifungal therapy depends on the antifungal agent used, the dermatophyte species present at the site of infection and the immune status of the patient. Superior (CAPES), and Fundação de Apoio ao Ensino, Pesquisa e Assistência (FAEPA).
